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Introduction
Due to the lags with which changes in monetary policy affect the economy, projections of inflation and economic activity play an important role in monetary policy strategies geared towards maintaining price stability, practised in most industrial countries. At inflation targeting central banks such as the Bank of England, the Reserve Bank of New Zealand and the Sveriges Riksbank, the inflation forecast is a central tool for communicating the outlook for price stability and the associated monetary policy decisions.
1 While less prominent, projections of inflation and real GDP also play an important role at the European Central Bank and the Federal Reserve Board. 2 Traditionally, those forecasts are derived using a combination of relatively large-scale macro-econometric models and a good deal of judgement. 3 As discussed in Sims (2002) , the macro-econometric models typically used at central banks for forecasting are estimated using single-equation methods and often lack a theoretically consistent model structure and treatment of expectations. While smaller-scale models with micro-foundations are frequently used for policy analysis, they are not used as forecasting tools on the basis of the arguments that they are often too simple and perform poorly in forecasting.
In a recent set of papers (Smets and Wouters, 2003a,b) , we have shown that modern micro-founded dynamic stochastic general equilibrium (DSGE) models with sticky prices and wages along the lines developed by Christiano, Eichenbaum and Evans (2001) are sufficiently rich to capture most of the statistical features of the main macro-economic time series. Moreover, applying Bayesian estimation techniques, we show in those papers that even relatively large models can be estimated as a system.
Not only does the system-wide estimation procedure deliver a more efficient estimate of the structural model parameters, it also provides a consistent estimate of the structural shock processes driving recent economic developments. Understanding the contribution of the various structural shocks to recent economic developments is an important input in the monetary policy decision process. Finally, our recent papers have also demonstrated that the estimated DSGE models perform quite well in forecasting compared to standard and Bayesian vector autoregressions (VARs and BVARs).
The combination of a sound micro-founded and theoretically consistent model structure and good forecasting performance suggests that these models could be further developed as an important tool for both policy analysis and forecasting in central banking. The micro foundations imply that the structural parameters are more likely to be invariant to various policy interventions the policy makers may want to consider. As such, one can more easily justify considering projections under different hypothetical monetary policies using those models. 4 The probabilistic nature of the estimated model implies that those models can also easily be used to assess forecast uncertainty and to perform a 1 See, for example, Bernanke et al (1999) .
2
For the role of macro-economic projections in the ECB's strategy, see, for example, ECB (2001).
3 Sims (2002) and Pagan (2003) have recently discussed and criticised the models traditionally used at central banks. 4 See Leeper and Zha (2002) for a discussion of modest policy interventions in the context of Bayesian VARs.
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September 2004 model and data consistent risk analysis. Since the introduction of the inflation targeting regimes in the late 1980s and early 1990s, the focus in the assessment of the inflation outlook has shifted from its central tendency to an analysis of the full forecast distribution and the associated risks. 5 The Bayesian estimation methodology provides an easy-to-use set of tools that can be used to perform such a risk analysis.
Following our earlier work (Smets and Wouters, 2003a,b) , this paper further illustrates how Bayesian DSGE models can become a useful tool for projection and analysis in central banking. Following a brief description of the estimated euro area model in Section 2, Section 3 starts with a comparison of the forecasting performance of the DSGE model with that of VARs and BVARs. We then illustrate how the empirical posterior distribution of the model can be used to calculate the complete distribution of the forecast, as well as various risk measures that have been proposed in the literature.
Moreover, we use the model to compute forecasts conditional on a policy path and show how the outlook for price stability and the associated risks may be affected by alternative monetary policy
scenarios. An important assumption underlying this exercise concerns the response of private sector's expectations to changes in the future path of interest rates. In Section 4, we then analyse economic and monetary policy developments in the euro area since the start of EMU through the lens of the estimated DSGE model. The structural nature of the estimated model allows us to examine the structural sources of the forecast errors and their implications for monetary policy. Overall, the messages that come from this exercise appear to compare well with the policy assessment made by the ECB over the past years.
2.
A brief description of the estimated euro area model
The Smets-Wouters DSGE model
For this paper, we re-estimate the model developed and estimated for the euro area in Smets and Wouters (2003b,c) over an extended sample period (1980:1-2002:4) . 6 The DSGE model contains a large number of nominal and real frictions and various structural shocks. We refer to Smets and Wouters (2003b) for the detailed derivation. The appendix contains a list of the linearised model equations.
Households maximise a non-separable utility function in consumption and labour effort over an infinite life horizon. Consumption appears in the utility function relative to a time-varying external 5
The introduction of fan charts is one example of this shift in focus. See also the discussion in Svensson (2001) on inflation forecast distribution targeting. The importance of risk assessment by central bankers is also underlined in Greenspan (2003). 6 One difference with Smets and Wouters (2003a) is that we allow for a non-separable utility function in consumption and labour. In Smets and Wouters (2003b,c) we introduced this feature to allow for a balanced growth path.
habit variable that depends on past aggregate consumption. Each household provides differentiated labour inputs. Monopoly power in the labour market results in an explicit wage equation and allows for the introduction of sticky nominal wages as in the Calvo model (households are allowed to reset their wage each period with an exogenous probability). Households rent capital services to firms and decide how much capital to accumulate given certain costs of adjusting the capital stock. The introduction of variable capital utilisation implies that as the rental price of capital changes, the capital stock can be used more or less intensively according to some cost schedule. Firms produce differentiated goods, decide on labour and capital inputs, and set prices according to the Calvo model.
The Calvo model in both wage and price setting is augmented by the assumption that prices that are not re-optimised in a given period are partially indexed to past inflation rates and the central bank's inflation target. Prices are therefore set in function of current and expected marginal costs, but are also determined by the past inflation rate. The marginal cost of production depends on the wage and the rental rate of capital. Similarly, wages also depend on past and expected future wages and inflation.
7 Finally, the model is closed with a generalised Taylor rule, where the interest rate is set in function of the deviation of inflation from a time-varying inflation objective and the theoretically consistent output-gap (output in deviation from the efficient flexible-price level of output).
The model contains ten identified exogenous driving forces, which are assumed to be orthogonal to each other. Six of these processes are modelled as autoregressive processes of order one: total factor productivity, the investment-specific technology process, the intertemporal preference process, the labour supply process, government spending and the inflation objective of the monetary authorities.
The first five of these exogenous processes are assumed to affect the flexible-price level of output that enters the central bank's reaction function as its target level for output. The rationale for this assumption is that those shocks derive from technology and preferences and should therefore be accommodated from a welfare perspective. The remaining four shocks are assumed to be white noise:
a price and wage mark-up shock, an equity premium shock and a traditional interest rate (or monetary policy) shock. Because these shocks are assumed to create inefficient temporary disturbances to the economy, they do not enter the calculation of the flexible-price output level used in the central bank's reaction function. As a result these shocks are more likely to create a trade-off between inflation and output gap stabilisation.
Posterior parameter estimates
As in Smets and Wouters (2003a,b,c) , the model is estimated using Bayesian estimation techniques on seven key macro-economic time series for the euro area: real GDP, consumption, investment, employment, real wages, inflation in the GDP-deflator and the short run interest rate. These data are taken from the Area Wide Model database (Fagan et al, 2000) and updated for the most recent period 7
As in Smets and Wouters (2003a) , an ad-hoc calvo-type employment adjustment equation is used to translate the labour concept in the model (hours worked) into the observed employment series.
using the ECB Monthly Bulletin. Before estimation, all data are demeaned and the real variables are linearly detrended. 1980:1-2002:4 and 1980:1-1998:4) . 8 The latter sample period will be used for the out-of-sample forecasting exercises performed in Section 3. In this case, the forecast sample starts with the introduction of the euro in January 1999.
Overall, the estimates seem to be very similar in both samples and broadly in line with our previous estimates. The total factor productivity and labour supply processes are estimated to be the most persistent with a median first-order autoregressive coefficient of about 0.95. The three "demand"
shocks have lower persistence. 9 As a result, the two "supply" shocks, productivity and labour supply, will tend to explain most of the forecast error variance for the real variables at the medium to longterm horizon. The non-stationary inflation objective shock has a relatively high standard error of 0.10%, which corresponds to a change in the inflation objective of 0.4% on a yearly basis. The estimated inflation target follows a downward trend over the whole estimation sample with an interruption around 1990. The interest rate shock has a standard error around 0.14% (or 56 basis points on a yearly basis).
Also the estimates of the behavioural parameters are generally reasonable and close to those estimated in Smets and Wouters (2003a,c) . As in our previous paper, the Calvo parameter for price setting (0.89) implies a very high degree of price stickiness with prices on average remaining fixed for more than two years. Nevertheless, our estimate of the elasticity of inflation with respect to the marginal cost is very similar to those obtained by Gali, Gertler and Lopez-Salido (2002) . The results for the hypothetical historical policy rule are relatively standard. The long run reaction on inflation is exactly equal to the one assumed in the original Taylor rule (1.5). The long run reaction coefficient on the output-gap is smaller than in the prototype Taylor rule (0.2). The policy reaction function exhibits a high degree of persistence with a coefficient on the lagged interest rate of 0.88. While policycontrolled interest rates do not react strongly to the level of the output gap, they do to changes in the output gap. The reaction coefficient to current changes in inflation is somewhat higher in the shorter sample, indicating that the recent mild reaction to the price mark-up shocks has lowered this parameter estimate.
8
The data from 1970:2 till 1979:4 were used to evaluate the unobserved state variables, so that the starting values at time 1980:1 are based on these historical realisations.
9
The investment-specific technology shock, the government spending shock and the intertemporal preference shock can be labelled "demand" shocks in the sense that under the estimated reaction function they lead to a positive correlation between output and the output gap. The total factor productivity and labour supply shock are "supply" shocks in the sense that they give rise to an opposite response of output and the output gap.
3.
Out-of-sample forecast performance
To illustrate the good prediction performance of the DSGE model, in this Section we perform a traditional out-of-sample prediction exercise over the post-EMU period 1999:1 -2002:4. As the forecasting period is relatively short, these results are only indicative. We compare the root mean squared errors (RMSEs) of the forecasts from the DSGE model with those from standard VARs and BVARS of order 1 to 3 in Table 2 . Starting from the pre-EMU sample, the VAR and BVAR models are re-estimated quarterly, while the DSGE model is re-estimated only yearly. Given the relatively short sample, Table 2 reports the RMSEs for horizons of 1 to 4 quarters only.
Overall, this exercise confirms the good forecasting performance of the DSGE model, highlighted in Smets and Wouters (2003a,b) . The RMSEs are quite a bit lower than those obtained for the VAR models. This is true for each of the macro-economic time series (with the partial exception of the nominal interest rate) and at all horizons considered. Moreover, there is some evidence that the forecast performance improves as the horizon lengthens.
Forecast uncertainty and confidence bands
As discussed in the introduction, the Bayesian estimation methodology provides a useful set of tools for calculating the full probability distribution around the central forecast. contribute to large uncertainty bounds around standard VAR-based forecasts. Due to the relatively tight parameterisation of our estimated DSGE model, the main source of forecast uncertainty as illustrated in Graph 1 comes from the shock uncertainty. Indeed, the forecast distribution generated by the estimated parameter uncertainty is very limited. While the highly restricted DSGE model strongly reduces parameter uncertainty, one should take into account that this probably leads to an 9 ECB Working Paper Series No. 389
September 2004 The Smets-Wouters model as a projection model: some illustrations underestimation of the degree of uncertainty. It is likely that the parameter uncertainty is partly replaced by model uncertainty, which could only be assessed by estimating alternative theoretical models and evaluating their influence on the forecast. 
Measures of risks to price stability
While the inflation forecast uncertainty can be summarised in fan charts, as, for example, produced by the Bank of England and the Sveriges Riksbank in their Inflation Reports, such forecast distributions are often quite difficult to interpret. In a recent paper, Kilian and Manganelli (2003) propose simple risk measures that quantify the relative uncertainty in the forecasts produced by a statistical model. In their view, central bankers can be regarded as risk managers who aim at containing inflation within specified bounds. They develop simple formal tools that are useful to quantify and forecast the risks that central bankers will fail to obtain the stated objectives. Kilian and Manganelli (2003) propose the following measures to summarise the risks that inflation will move outside pre-specified bounds.
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The first measure is a measure of excess inflation risk. It is the expected inflation for next period in excess of an upper bound where the power reflects the relative risk aversion in the central bankers' preferences multiplied by the probability (prob) that the inflation realisation is above the limit. The second measure is a measure of deflation risk. In line with the ECB's definition of price stability, we calculate these measures for an upper bound ( u p ) of 2% and a lower bound ( l p ) of 0% for the average inflation rate over the next four quarters 12 . In line with Kilian and Manganelli (2003) and most of the literature on optimal monetary policy, we assume a coefficient of risk aversion (b) equal to two. The sum of the projected excess inflation and deflation risk measures can be seen as a measure of the projected one-year ahead balance of risks to price stability:
DR EIR BR t t t + =
The posterior distribution of the DSGE model can easily be used to calculate the risk measure proposed by Kilian and Manganelli (2003) . Graph 4 illustrates the development of those risk measures since the start of EMU. For example, at the start of 1999 the balance of inflation risks dropped quite considerably following the fall-out from the Russian crisis. In section 4 we will use these measures to interpret economic and monetary policy developments in the euro area since 1998. 10 See, for example, the discussion in Brock, Durlauf and West (2003) and Sims (2003) . 
Projections under alternative monetary policy scenarios
The projection exercises presented in the previous sections were performed under the assumption that the European Central Bank followed the interest rate reaction function estimated over the pre-EMU period. Often such projections are called unconditional forecasts. Typically, however, monetary policy makers prefer to use constant nominal-interest-rate forecasts.
13 Such conditional projections provide a natural benchmark for assessing whether interest rates need to be changed given the central bank's goal of maintaining price stability. They also avoid the need to specify the central bank's reaction function, which may not be very easy to do in particular following a regime change such as the introduction of the euro. However, producing such conditional projections using rational expectations models raises two issues. First, it is well known that rational expectations models will typically not solve under a constant nominal interest rate path because nominal interest rate pegging often leads to an explosive path for the ex-ante real interest rate, output and inflation. One solution to this problem is to assume that the nominal interest rate is kept constant for a limited period of time, say three years, after which a policy reaction function kicks in putting the economy again on an equilibrium path.
A second issue raised by a constant interest rate projection concerns how to implement the constant interest rate path in a forward-looking model. At least two options are available. One option, applied in this section, is to calculate the monetary policy shocks that are necessary to keep the interest rate on a constant path relative to the historically estimated reaction function. The advantage of this option is that current economic variables that depend on expectations of future interest rates (such as various asset prices, but also consumption and investment) will only gradually respond to the constant interest rate scenario. This option is also closest to the analysis of modest policy interventions using Bayesian VARs in Leeper and Zha (2002) 14 . Of course, as emphasised by Leeper and Zha (2002) , this assumption only makes sense if the required unexpected policy shocks are relatively small and comparable in size to the historically estimated policy shocks. A second option is to assume that the private sector has perfect foresight of the constant interest rate path and adjusts its decisions in line with this change in expected policy. This approach is fully compatible with the rational expectations assumption embedded in our estimated DSGE model. However, it will typically lead to relatively large jumps in all the forward-looking variables including consumption and investment, which in some circumstances may be perceived as implausible.
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September 2004 Graph 2 plots the forecast distribution of the seven macroeconomic variables at the end of 1998 (similar to Graph 1) under the assumption that the nominal interest rate is kept constant for three consecutive years (after which the estimated reaction function kicks in). The private sector continues to think that the central bank follows the estimated reaction function and treats the deviations of actual interest rates from the expected interest rates as policy shocks. The graph shows that because the monetary authorities keep nominal interest rates persistently below their expected path (see Graph 1), the median forecast for output and inflation is much higher than projected in Graph 1. It is also clear from comparing Graphs 1 and 2 that the uncertainty surrounding the median forecast is much higher under the constant interest rate path. As monetary policy is passive the effects of future shocks are projected to be much larger. Table 3 summarises the effects of the constant interest rate assumption on the inflation and output growth forecast and the various risk measures at two points in time: 1998:4 and 2000:4. These two dates correspond to the start of the two sub-periods that will be discussed below in Section 4. In 1998:4, the unconditional median forecast for inflation over the next year and growth over the next two quarters was 1.5 percent and 1.63 percent respectively. According to this forecast, the balance of inflation risks was slightly tilted upwards and the probability of a recession (defined as two consecutive quarters of negative growth) was negligible at 0.01. Under this scenario, short-term interest rates were expected to increase gradually to their long-run neutral level of about 5.5%. The third line in Table 3 shows the impact of a constant interest rate path for three years. The inflation and growth projection increase by respectively 0.35 and 0.61% compared to the baseline scenario. The excess inflation risk increases reflecting the increase in uncertainty, and the balance of risks also clearly increases suggesting that upward inflation risks would have dominated under this scenario.
The series of unexpected shocks that are necessary to keep the interest rate path constant for three years starting in 1998:4 are negative and growing over the three-year period. As such, they can not be catalogued as a modest intervention.
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The effects of an alternative and more realistic scenario, in which the interest rate is decreased by 50 basis points for two consecutive quarters starting in 1999:1 (compared to the baseline scenario) is given in the second line of Table 3 . In this case, the median inflation forecast increases with 0.17 percentage points and the growth rate is revised upward by 0.42 percentage points. Also in this case, the balance of inflation risks would have shifted upward. As discussed below in Section 4, the euro area faced significant negative demand shocks in the first two quarters of 1999 (partly following the fall-out of the Russian crisis in 1998) shifting the balance of inflation risks downward. Scenarios such as the one reported in the second line of that policymakers where faced with at the time. The actual decline in the interest rate that occurred in April 1999 can be partly seen as an attempt to restore the balance of risks.
The lower part of Table 3 performs a similar exercise around the baseline unconditional forecast of inflation and growth in 2000:4. At that time, the outlook for inflation over the next year and the associated risks were very similar to the outlook at the beginning of 1999. However, the outlook for output growth was less favourable with a 7 percent probability of a recession. The bottom two lines of Table 3 illustrate the effect of two alternative scenarios: a reduction and an increase in interest rates of 100 basis points in total. A reduction in interest rates would have supported growth considerably reducing the probability of a recession, but at a cost of increased inflation by about 17 percentage points. In contrast, the interest rate increase would have increased the probability of a recession quite considerably to 15%.
The exercises performed in this section illustrate the potential usefulness of our Bayesian DSGE model in assessing the impact of alternative monetary policy scenarios on the outlook for price stability and the associated risks. It is, however, important to re-emphasise that the reported results crucially depend on the assumptions made about how expectations of private agents adjust to the alternative interest rate paths. In the exercises reported above, we implemented alternative interest rate paths by shocking the estimated interest rate reaction function. As discussed in Leeper and Zha (2001) , this makes sense if the shocks are relatively modest. However, identical interest rate paths could also be implemented under the assumption of perfect foresight or with alternative systematic monetary policy reaction functions and their associated shocks. The impact of these alternative assumptions may very well be non-negligible. This is an important question for future research.
Euro area economic and monetary policy developments since 1999
One advantage of the structural nature of the estimated DSGE model is that the model can be used to analyse the structural sources of the shocks that have affected the euro area economy during the first four years of EMU. As is clear from Graph 1, the first four years of EMU ( 
The first two years of EMU
Graph 1 shows that, at the end of 1998, the baseline projection as captured by the median forecast of our model was for the economy to gradually return to its deterministic growth path following a slightly negative output gap at the end of 1998 relatively stable growth of the economy, with a slightly above average growth for investment and employment in the first years of the forecast exercise. Inflation is expected to increase slightly towards the implicit inflation target of monetary policy that is estimated to be somewhat below 2 % at the end of 1998. As part of this move to equilibrium, the nominal interest rate is forecast to return relatively quickly to its equilibrium level.
Graph 1 also shows that by the end of 2000, most of the actual time series were close to their projected values. One exception is employment, which grew much stronger than expected. Moreover, this end-of-2000 snapshot masks some volatility in economic developments during the first two years of EMU. Graph 3 presents the estimated structural shocks during this period together with a onestandard-error band. Graphs 4 and 5 show the resulting evolution of the balance of inflation risks and its components over the period.
Starting from a slightly positive balance of risks in the fourth quarter of 1998, our estimated model suggests that deflation risks rose while excess inflation risks fell during the first half of 1999 (Graph 4). As a result, the risks were quite balanced in the second quarter of 1999. This is mainly a result of the negative spending shock in the first quarter of 1999 (mostly reflecting a fall in the demand for net exports following the fall-out from the Russian financial crisis at the end of 1998) and the subsequent negative preference shock in the second quarter of 1999. However, the fall in total factor productivity identified by our model was not commented upon.
Finally, the series of interest rate increases that started in December 1999 and continued during the course of 2000 were largely based on a rise in the upward risks to price stability due to strong output and employment growth in a favourable international environment and the delayed pass-through of the depreciation of the euro and the rise in energy prices. Due to the use of the GDP deflator rather than the HICP, these cost-push shocks only show up with a delay in our model's forecasts. 18 From the comparison with the policy discussions in the Monthly Bulletin, it is clear that the DSGE model misses some information because the HICP is not included in the data set. The pass-through of energy prices, the exchange rate and volatile food prices into the GDP deflator is much slower than into the HICP series. However, the interpretation of these shocks was largely in line with the role of the mark-up shocks in the model as unexpected short run disturbances to inflation. Monetary policy is rather ineffective in reducing the short run inflation impulse coming from those shocks and is confronted with a clear trade-off problem if it reacts too strongly to such shocks. . 19 In the second half of 2002 the probability of one-year ahead deflation is estimated to be relatively high at around 25%. 19 The large negative policy shock in the first quarter of 2001 is the counterpart of the weak response of monetary policy to the strong mark-up shocks. As discussed in Section 3, the estimated short-run coefficient in the policy rule over the period 1980:1 -2002:4 is indeed lower than the one over the shorter period that excludes these observations. In sum, our stylised estimated DSGE model seems to perform relatively well in capturing the evolution of the perceived risks to price stability. At the same time, it allows for a structural interpretation of the sources behind the developments in the risks to price stability. 
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Conclusions
Modern sticky-price DSGE models of the type used in this paper and estimated using Bayesian techniques combine a sound, micro-founded structure necessary for policy analysis with a good probabilistic description of the observed data and forecasting performance. In this paper we illustrated how such Bayesian DSGE models can become an additional useful tool in the forecasting kit of The consumption equation:
(1) The value of the capital stock depends negatively on the ex-ante real interest rate, and positively on its expected future value, the expected rental rate k 1 t r + and an equity premium shock
The capital accumulation equation:
The deviation of inflation pˆt from the target inflation rate p t depends on past and expected future inflation deviations and on the current marginal cost, which itself is a function of the rental rate on capital, the real wage ŵ t and the productivity process. a determines the share of capital and labour The real wage t ŵ is a function of expected and past real wages, the expected, current and past inflation rate and the deviation of the actual real wage from the wage that would prevail in a flexible labour market. The labour demand equation:
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Labour demand t L depends negatively on the real wage (with a unit elasticity) and positively on the rental rate of capital and last period's capital stock. y reflects the capital utilisation adjustment cost.
The goods market equilibrium condition:
with k y the capital-output ratio and g y the share of public consumption in output. f reflects the fixed costs in the production function.
The monetary policy reaction function:
The interest rate t R reacts persistently, via the parameter r, on both the level and the first difference of the inflation deviation from the objective and the output gap. 
